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Studies dedicated to the determination of acoustic characteristics of an automotive cooling package are
presented. A shrouded subsonic axial fan is mounted in a wall separating an anechoic- and a reverbera-
tion room. This enables a unique separation of the up- and downstream sound fields. Microphone
measurements were acquired of the radiated sound as a function of rotational speed, fan type and
components included in the cooling module. The aim of the present work is to investigate the effect of
a closely mounted radiator upstream of the impeller on the SPL spectral distribution. Upon examination
of the SPL spectral shape, features linked specifically to the source and system are revealed. The proper-
ties of a reverberant sound field combined with the method of spectral decomposition permit an estima-
tion of the source spectral distribution and the acoustic transfer response, respectively. Additionally,
purely intrinsic acoustic properties of the radiator are scrutinized by standardized ISO methods. A new
methodology comprising a dipole sound source is adopted to circumvent limitation of transmission loss
measurement in the low frequency range. The sound attenuation caused by the radiator alone was found
to be negligible.
 2016 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Despite dedicated efforts to clarify the noise generating
mechanisms associated with cooling fans, there is still inadequate
knowledge of its susceptibility to complex installation effects. The
measured far-field sound pressure level (SPL) from a spinning fan
operating in a duct-like environment is ineluctably colored by
the acoustic properties of the system. Inherent acoustic phenom-
ena like resonances and reflections of the system prevent identifi-
cation of the source spectral distribution alone. Hence, performing
acoustical studies of turbomachinery noise sources, comprise inte-
gration of the acoustic modulation caused by the environment, i.e.
account for acoustic installation effects. Furthermore, the spectral
distribution and magnitude of the aerodynamic noise that origi-
nates from the fluctuating forces exerted by the blades is closely
linked to the inflow characteristics. Consequently, the perceived
SPL visualized as peaks at discrete frequencies together with
broadband components [1,2] is highly correlated with the turbu-
lence content and the coherence in the inflow [3,4]. Additionally,obstacles placed at the inlet [5,6], an asymmetric shaped shroud
[7], boundary layers on the casing [8,9] together with vortex for-
mation in the fan tip region [10] significantly affect in particular
harmonic spectral components. These are commonly referred to
as aerodynamic installation effects.
Thus, the study of sound generating mechanisms and acoustic
propagation from ducted fans involves examination of both instal-
lation effects. The aim of the present work is to investigate the
effect that a closely mounted radiator upstream of the impeller
has on the SPL spectral distribution radiated from an automotive
cooling module. Due to the radiator’s inherent pressure loss
associated with its flow inhibiting properties [11] and acoustic
transmission loss [12] both the aerodynamic and the acoustic
conditions are amended [13,14]. Previous published material fre-
quently omits the acoustic masking effect caused by the system
and the radiator [5,14,15]. These studies solely accounted for the
SPL difference caused by the combined effects as no separate
analysis of the acoustic properties of the radiator or the system
is included in the investigations. Also, in some instances, compar-
isons are made between a clean fan and a fan placed in a duct with
a radiator [5].
In the present study, emphasis is on separating the impact of
each installation effect. An engineering approach based on the
spectral decomposition method [16–20] is enabled due to the
68 A. Rynell et al. / Applied Acoustics 111 (2016) 67–76unique separation of the up- and downstream sound fields. Hence,
instead of formulating a computer algorithm to extract the sound
source or the acoustic response of the system, the properties of
the experimental facility are exploited. Additionally, the inherent
acoustic properties of the radiator are investigated from flow
induced noise (FIN) and transmission loss (TL) measurements.
Unfortunately, radiator characteristics obtained from standardized
methods fail to provide reliable information in the low frequency
range. This motivated the authors to develop a new method suit-
able for frequencies having wavelengths much larger than the
dimensions of the radiator.
This paper is arranged in the following way: Section 2 presents
the theory on which the analysis is founded. In Section 3, the com-
ponents constituting the cooling system are briefly described fol-
lowed by the experimental techniques adopted for determining
the acoustic properties of the individual components together with
the complete cooling package in Section 4. Section 5 summarizes
the most important results. Finally, conclusions concerning the
findings are stated in Section 6.
2. Spectral decomposition
The SPL measured outside a ducted fan does not solely repre-
sent the spectral distribution of the fan but instead the combined
effect of the fan and the acoustic properties (scattering and reflec-
tion) of the surrounding system. To facilitate the study of such
installations, it is beneficial to isolate the effect of each contribu-
tion. For ducted fans, this can be handled through the method of
spectral decomposition [16–20]. Following the formulation of
Canepa et al. [20], the far-field one-sided power spectral density
is given by
Spp f ;X;Dtip; r;u;H
  ¼ q20X3D6tip
r2
MaaRebF2 St;uð ÞG2 He;u; r=Dtip;H
 
ð1Þ
where f is the frequency, X is the rotational speed, Dtip is the impel-
ler tip diameter, r is the distance to the receiver and H is the incli-
nation angle, measured from the rotational axis. The non-
dimensional quantities, namely the Mach number Ma, Strouhal
number St, Helmholtz number He, Reynolds number Re and flow
coefficient u are
Ma ¼ XDtip=2a0
St ¼ f=f BPF
He ¼ fDtip=a0
Re ¼ XD2tip=2m
u ¼ 8Q=pXD3tip
ð2Þ
where f BPF denotes the blade passing frequency, a0 is the speed of
sound, m is the kinematic viscosity and Q is the volume flow rate.
The source term F St;uð Þ is purely aerodynamic, describing sound
source mechanisms related to pressure and velocity fluctuations
within the flow region. It is independent of propagation effects
which are described by the product MaaG2 He;u; r=Dtip;H
 
. The
term Maa is associated with aeroacoustic radiation efficiency and
depends exclusively on the source properties (acoustic compactness
and coherence of the source). The acoustic response function
G He;u; r=Dtip;H
 
describes the acoustic properties of the cooling
unit and all solid objects scattering the sound field. Besides a strong
dependency on the receiver’s position, a possible change in source
position is given through the dependency on flow coefficient u. Both
functions F and G are made non-dimensional in the formulation.
The SPL spectrum can be approximated from Eq. (1) for a small
frequency band DfLp f ;Xð Þ ﬃ 10log10
Spp f ;X;Dtip; r;H;u
 
Df
p2ref
ð3Þ
where pref = 20 lPa. The effect of Re on the generated noise is neg-
ligible for low-Mach number fans (b = 0), see e.g. [17,18]. Addition-
ally, for a fixed receiver position and constant flow coefficient, F and
G will be functions of St and He, respectively. Hence, an expression
for the two functions in Eq. (1) is given as
20log10 FðStÞ þ 20log10G Heð Þ ¼ Lp f ;Xð Þ  10log10 X3þa
 
 C að Þ
C að Þ ¼ 10log10
D6þatip q20Df
2aa20r2p
2
ref
" #
ð4Þ
The left-hand side represents unknown terms while all terms
on the right-hand side are known from experiments. The separa-
tion is feasible as the terms on the left-hand side are inherently
related to two different frequency scales, St and He. In principle,
in the absence of propagation effects, e.g., when the source radiates
into a reverberation room, the spectra scaled with 10log10X
3þa and
plotted versus St, should collapse on a single curve. This aspect is
also discussed later in more detail in Section 5.4.3. Description of the cooling module components
In order to simplify the study of features of noise emanating
from a low-speed fan, the number of components is reduced in
relation to a realistic underhood compartment. The modular test
section consisted of an automotive radiator, a shroud, a fan, a
frame and a hydraulic motor; see Fig. 1 left to right.
To the left in the figure, the modular assembly is shown fol-
lowed by each component separated. All parts come from a Scania
bus cooling installation. The modular set-up enables separate mea-
surements of the different components, as well as measurements
of the complete setup. The radiator is of parallel-plate type and
has a frontal area of approximately 0.60 m2 (0.85 m  0.70 m).
The cooling operation of the radiator was not in use, that is, the
radiator acted as a passive device during the measurements. The
radiator has a thickness of 50 mm and the distance to the fan is
80 mm. As in realistic applications, the shroud is mounted closely
to the radiator in order to guide the flow towards the fan. Two dif-
ferent fans are tested where one is common for truck applications
and one is common for buses. Both are 750 mm in diameter, have a
blade chord ranging from 0.14 m to 0.16 m and are equipped with
11 blades but differ in shape; see Fig. 2. The tip clearance is 5 mm.
The fans were driven by a hydraulic motor with a maximum pres-
sure of approximately 230 bar.4. Experimental setup
The measurements comprise acoustic properties like SPL, sound
power level (SWL), flow induced noise (FIN), transmission loss (TL)
and insertion loss (IL). The modular test section is mounted in the
wall between an anechoic and a reverberation room; see Fig. 3. The
air was sucked by the fan, from the anechoic room through the
radiator into the reverberation room. The setup enabled separation
of the radiated sound up- and downstream in accordance with the
installation in a heavy vehicle application where the outside is sep-
arated from the engine bay. The wall where the fan is mounted has
an area of 9 m2 (3 m  3 m). To minimize the inflow disturbances
to the radiator, the inlet side opening is designed with rounded
edges (radius 50 mm) i.e. around the perimeter of the radiator;
see Fig. 3(a).
Fig. 1. The cooling module assembly (far left) and each component separated.
Fig. 2. The truck fan (left) and the bus fan (right). The truck fan is a Borg Warner XD11 750 mm and the bus fan is a Behr NFS 750 mm.
Fig. 3. The cooling module seen from (a) the anechoic room and (b) the reverberation room. At the upstream side (a) the rounded inflow edges placed around the radiator’s
perimeter can be seen. At the downstream side (b) the hydraulic hoses are seen suspended to avoid interaction with the airflow.
A. Rynell et al. / Applied Acoustics 111 (2016) 67–76 69The experimental campaign is divided into three parts where
the sound field is measured first for the complete setup, secondly
for the setup excluding the radiator, followed by quantification of
the radiator alone. The reference case for the investigations is the
setup with all the components mounted except for the radiator.
The hydraulic motor was not contributing to the overall SPL as con-
firmed by measuring the SPL levels of the hydraulic motor alone.
When running the fans, the rotational speed could not be kept fully
constant but deviated slightly from the specified rotational speed,approximately ±1%. The frequency range of interest is between
100 Hz and 5 kHz. All narrowband spectra have a frequency
resolution of 1 Hz and the reference pressure is 20 lPa.
4.1. Acoustic characterization of the cooling module
The pressure fluctuations for increasing rotational speeds were
acquired during one-minute sessions. Upstream, eight micro-
phones are placed unevenly on an imaginary hemisphere surface
70 A. Rynell et al. / Applied Acoustics 111 (2016) 67–762.2 m from the center of the radiator aligned with the axis of rota-
tion of the fan; see Fig. 4. The selected locations for the micro-
phones were intended to give a notion of sound field variations
(e.g. magnitude and directivity) radiated upstream of the cooling
module and the distance chosen agrees with the common proce-
dure for fan measurements where the microphones are placed at
a distance of three fan diameters. Further, the large dimensions
of the installation and high flow rate associated with the setup
restricted the adoption of a standardized distribution of micro-
phones. In the reverberation room, downstream of the cooling
module, the sound field was obtained using a rotating microphone
boom. The SPL can easily be converted to SWL employing the com-
parison method [21]. Flow noise disturbances were minimized
through the use of windscreens and a microphone cover. The SPLs
were measured for four rotational speeds, namely for 1000, 1100,
1250 and 1340 rpm, respectively. The flow coefficient couldn’t be
measured explicitly; instead, the volume flow Q was estimated
through a surface integration of the inflow velocity distribution
measured at 49 different positions. This gave a linear relationship
between the rotational speed X and the volume flow rate Q imply-
ing a constant flow coefficient; see Eq. (2). Four different combina-
tions are investigated, a setup both including and excluding the
radiator for each fan.4.2. Acoustic characterization of the radiator
An acoustic description of the radiator is feasible from three
disparate experimental techniques: flow induced noise (FIN),
transmission loss (TL) and insertion loss (IL). The objective of the
first-mentioned is to study in particular the whistling phenomenon
arising from the interaction with an internal flow [22]. In order to
control this potential noise source, a flow was forced through the
radiator by pressurizing the anechoic room via a quiet air flowFig. 4. The positions of the micropfrom an external fan connected to the room. The SWL was mea-
sured in the reverberation room for increasing volume flow
through the radiator using ISO 3741:2010 [23]. The results, visual-
ized in narrow band, revealed no strong discrete peaks, which pre-
cludes the radiator alone as a possible source of noise [24].
The TL was measured using an intensity probe procedure,
known as ISO 15186-1:2000 [25]. The intensity probe was manu-
ally swept at a uniform pace over the front side surface (anechoic
room) of the radiator. A diffuse acoustic field was excited in the
reverberation room and measured using a rotating microphone.
The TL was calculated as
TL ¼ Lp  6 LI þ 10log10
SM
S
  
ð5Þ
where Lp is the SPL measured by using the rotating microphone in
the reverberation room and LI is the sound intensity level in the
anechoic room obtained through scanning the surface. The param-
eters SM and S are the measurement area and the scanned area.
For the present case, the areas are the same.
Measurements of TL can be carried out in many ways. The
method adopted here uses a diffuse field and the sound source is
placed far from the test object in the reverberation room. Due to
the limited size of the radiator, the experimental setup is only
appropriate for higher frequencies where the wavelength of the
acoustic waves is smaller than the dimension of the radiator. As
the largest dimension of the radiator was 0.85 m, this corresponds
to a frequency of approximately 400 Hz.
To allow studies in the low frequency range, a new methodol-
ogy was developed that comprises IL measurements using a dipole
sound source. The dipole used a pair of very closely spaced
loudspeakers that together produced a dipole sound field. The
diameters of the loudspeakers were 0.23 m; see Fig. 5. The dipole
is placed 80 mm behind the radiator located at a distance equalhones in the anechoic room.
Fig. 5. The dipole loudspeaker source used for IL measurements.
A. Rynell et al. / Applied Acoustics 111 (2016) 67–76 71to that from the sound source (fan) included in the cooling module.
Both white noise and discrete frequencies were excited. The sound
pressure is sampled at five microphones placed at a distance of
0.9 m from the surface of the radiator on the receiving side.
Fig. 6 shows the installation without (a) and with (b) the radiator,
respectively. The IL was calculated using
IL ¼ Lp;WO  Lp;W ð6Þ
where the parameters Lp;WO and Lp;W are the SPLs measured without
and with the radiator present.4.3. Instrumentation
For the measurement of SPL, BSWA type MP201 microphones
were used and calibrated with a Larson & Davis Cal 200/448. Fre-
quency analysis software SpectraPlus together with MWL UNO/
UA-1G external soundcard was used to obtain SPL and SWL data
in the reverberation room. To simultaneously sample the acoustic
pressure measured by eight microphones in the anechoic room, a
MATLAB program has been employed, connected to an Agilent
e1432a soundcard. The rotating boom used for averaging was a
B&K type 3923. The intensity probe used during scanning was a
Probe LD 2260 together with a Larson & Davis 2900B analyser. A
Universal instrument Swema Air 3000 hot wire probe was used
to measure the inlet velocity into the radiator.Fig. 6. Insertion loss measurements without (referenc5. Results
The present chapter aims at presenting the main findings
obtained from sound field measurements. No specific sound source
mechanism is studied but instead the general acoustic characteris-
tics of the installations. First, the link between SPL and impeller
speed is presented for all configurations described previously. Sec-
ondly, the intrinsic acoustic properties of the automotive radiator
are obtained by a separate analysis utilizing standardized ISO
methods. Furthermore, a new methodology was adopted to cir-
cumvent limitations of transmission loss measurements in the
low frequency range. Finally, adopting an engineering approach
based on the spectral decomposition method enables a separation
of the sound source and the acoustic propagation effect.5.1. Rotational speed dependence of the SPL
SPL measurements are presented in Fig. 7 as functions of micro-
phone position, operating fan and rotational speed. The radiated
sound depends on both the sound generated by the rotor and the
system in which it operates in. The spectral shape distribution is
associated with two distinct frequencies related to the aerody-
namic sound mechanisms and the acoustic response of the system
(Eq. (4)). As visualized in Fig. 7, the discrete peaks pertinent to the
impeller tip speed translate along the frequency axis indepen-
dently of microphone position, thus indicating essential qualitiese level) the radiator (a) and with the radiator (b).
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Fig. 7. SPL measured upstream for both fans without the radiator for increasing rotational speed; ( ) 1000 rpm, ( ) 1100 rpm, ( ) 1250 rpm and ( ) 1340 rpm. The
positions on the anechoic side for the different microphones shown are seen in Fig. 4.
72 A. Rynell et al. / Applied Acoustics 111 (2016) 67–76of the aerodynamic sound generation mechanism. Besides the
spectral bumps at the BPFs, the fluctuating broadband trends along
the frequency axis above approximately 315 Hz are attributed to
propagation effects as the spectral shape for each X is apparently
translated along the vertical axis. These ‘‘oscillations” prevents an
identification of the source spectral shape as the system interfer-
ence (propagation effect) is essential. Such wavy trends have pre-
viously been reported [17,19].
The effect of the acoustic transfer function at various micro-
phone positions looks very different. This can be attributed to the
dipole sound directivity of the fan, nonperfect anechoicity of the
test environment and acoustic interference caused by the doors;
see, for instance, the dissimilar shapes at approximately 150 Hz
between the two microphone positions. Independently of configu-
ration, the SPL at the BPF is greater closest to the doors, indicating
sound reflections from the doors. Furthermore, the resemblance of
the spectral shapes formed by different sound sources signifies
that the masking propagation effect of the installation has great
significance throughout the frequency range. The envelope of the
broadband magnitude remains nearly unaffected by the acoustic
signatures of the source.5.2. The radiator influence on SPL
The acoustic modification related to an upstream radiator is
examined from the spectral shape discrepancy of both configura-
tions; see Fig. 8. As the radiator is part of the installation, both
terms describing the source and system in Eq. (4) are modified,and hence the installation effect is twofold. First, the operational
condition is expected to deviate as the radiator has an intrinsic
pressure loss: an aerodynamic installation effect. Second, additional
structural elements scatter the sound originating from the impeller
due to extraneous or intrinsic sources associated with acoustic
installation effects imposed by the radiator in the system. Although
both terms in Eq. (4) most likely are changed, it seems that the
inclusion of an upstream radiator affects the spectral shape in a
similar way for both fans tested. The BPF is reduced by 5 dB inde-
pendently of the choice of operating fan and the SPL attenuation at
higher frequencies, mainly in the broadband components, is 2 dB.
Moreover, despite the changed spectral shape, the contour seems
unaffected by impeller speed. Not shown here, the same level of
dB reduction was found for all 8 microphones.5.3. Acoustic properties of the automotive radiator
To be able to exclude the radiator as a possible noise source and
further obtain information about its acoustic features, a separate
analysis of its characteristics is performed. From FIN measure-
ments of the radiator, it was found that no discrete frequencies
arose for the flow rates associated with the rotational speeds inves-
tigated [24]. The overall SPLs were far below the SPLs measured
from the fans. It can, therefore be concluded that the radiator itself
does not contribute to the sound field.
Sound sources emitting white noise were placed in the
reverberation room and the TL was measured through intensity
scanning of the surface of the radiator on the anechoic side. Four
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Fig. 8. SPL measurement at microphone 4 for an installation including the radiator ( ) and excluding the radiator ( ). The microphone position on the anechoic side is shown
in Fig. 4.
A. Rynell et al. / Applied Acoustics 111 (2016) 67–76 73different types of sound sources were used: a floor-standing refer-
ence fan, four loudspeakers placed in the top corners of the rever-
beration room and a small and a large dipole sound source. To the
left in Fig. 9, the average TL together with its standard deviation for
all noise sources is shown. The large variation at low frequencies is
related to the source type used as well as its position in the rever-
beration room. Although the measured SPLs using the rotating
microphone boom were constant, large discrepancy was clearly
visible for the intensity probe measurements. Nevertheless, at
higher frequencies no such tendency was experienced since the
transmitted sound field asymptotically turns into plane waves.
The acoustic attenuation observed at higher frequencies agrees
with previous measurement of radiator TL [12].
The large disparity at the low frequency range is related to the
small wall element size which gives a limited test range due to
‘‘edge effects”, i.e., an increased TL when the wavelength is of the
order of the object. This is related to the assumption used in the
ISO standard for computing the incident sound power from a dif-
fuse field in the reverberation room used in Eq. (5). To account
for near-field effects caused by a fan but also to consider the large
variation in TL at low frequencies seen in Fig. 9(a), a new method-
ology was adopted. A dipole type of source is placed at the same
position as the fan surrounded by the shroud as shown in Fig. 5.
The IL is measured (see Eq. (6)) using the setup shown in Fig. 6.125 250 500 1000 2000 4000
−3
−2
−1
0
1
2
3
4
f [Hz]
T L
 [d
B
]
Fig. 9. The TL using a diffuse sound field (a) and insertion loss usiBased on the diameter of the loudspeaker dipole, a dipole sound
field is excited for frequencies up to 2 kHz. The IL shown in Fig. 9
(b) was calculated as an average of the five microphones. Error bars
are inserted into the figure to denote the standard deviation of the
measured SPL for the five upstream microphones. For each micro-
phone the SPL variation is negligible. A small sound reduction was
measured for the low frequency range where the spatial SPL vari-
ation was nearly constant. The IL for discrete frequencies of 175,
225 and 275 Hz was found to be around 0.5 dB for all the frequen-
cies. The same order of acoustic reduction was found with an air-
flow passing through the radiator during the measurement. In
conclusion, combining the TL data above (say) 250 Hz with the IL
data below 250 Hz will give a complete acoustic description of
sound attenuation for sound passing through the radiator.
5.4. Estimation of the acoustic transfer function from cooling module
measurements
The source (fan) is mounted so that it radiates either into a
reverberation room (downstream) or into an anechoic room
(upstream). Given the setup, it can be assumed that the two sides
(up/downstream) are acoustically uncoupled except for frequen-
cies below 100 Hz. Eq. (4) formulated for SPL in the reverberation
room (R) is125 250 500 1000 2000 4000
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ng a dipole (b) where ( ): mean and (–): standard deviation.
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The measured SPL in a reverberation room associated with a
given frequency band is proportional to the acoustic power of
the source [26] and can therefore directly be used as a measure
of the source strength. This conclusion is true as long as we are
above the lower limiting frequency of the reverberation room
(>100 Hz). The difference between this measure and the true
source function will for each frequency band be a constant related
to the room properties but independent of the source. This holds
provided that the whole unit assembly does not interfere with
the radiated field in the frequency range of interest. The spatial
average sound field measured using the rotating boom conse-
quently exposes the true nature of the sound source term FR. As
no absolute values are of interest here, but instead the relation
between sources tested in the same room, one can put GR = 1 in
Eq. (7). As Lp;R is independent of position in the reverberation room,
the last term can also be omitted. Eq. (7) rearranged for FR gives
20log10 FR Stð Þ ¼ Lp;R f ;Xð Þ  10log10 X3þa
 
: ð8Þ
Eq. (8) simply states that all source terms measured in the reverber-
ation room for different rotational speeds will collapse into a single
curve if plotted as a function of St and scaled with the rotational
speed raised to the power of (3 + a). Fig. 10 shows the source term
scaled with a as 3 corresponding to a dipole. Despite the slight mis-
match, the general trend is captured as the curves generally col-
lapses in the range St = 1–4 which illustrates that the assumption
of a flat acoustic response of 1 is acceptable. This curve-collapsing
phenomenon agrees with earlier studies, e.g. [17]. However, the
variation in SPL at lower frequencies is believed to be related to
deviation from ideal reverberant (‘‘diffuse field”) conditions and
coupling between the test rooms. For frequencies below the BPF,
a equal to 2 minimizes the variation in the SPL data although it does
not fully resemble a single curve. At St above 4.5, some propagation
effect is probably present, which explains the spectral slopes at dif-
ferent x-axis locations in the graph. Apparently, at St < 1 and
St > 4.5, the best collapse of the spectra takes place when a is equal
to 2 and 4, but a certain disparity in the scaled curves is present
which could be due to propagation effects of uncertain origin and
could affect the estimation of the correct a value. Below BPF, an
exponent of 2 is in accordance with the theory for two-
dimensional sound propagation from a dipole, where the depen-
dency of rotational speed is reduced by one order of magnitude
[27] whereas in the high frequency range where the SPL is predom-0.5 1 2 3 4 5 10
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Fig. 10. The acoustic source term FR of the truck fan calculated from the measured SPL do
( ) 1340 rpm.inantly broadband, an a exponent of 4 indicates that the source is a
mix of a dipole and a quadrupole, i.e. the effect from free turbulence
is captured. As the acoustic response of the reverberation room is
unaffected by the presence of an upstream radiator, i.e. it is con-
stant for both configurations, the alternated operational condition
caused by the radiator is reflected in the modified source terms.
Hence the difference between the left and right graphs in Fig. 10
represents the apparent aerodynamic installation effect caused by
the changed operating condition produced by the radiator. In addi-
tion, due to its fine-scale interior structure, the upstream radiator
modifies the inlet flow pattern (both turbulence and streamlines).
The source functions (with and without the radiator) for the bus
fan have similar spectral shapes and magnitudes.
In the next step, the SPL measured in the anechoic room (A) is
investigated. Due to the assumption of two acoustically uncoupled
systems previously described and the assumption GR = 1, an
expression for the acoustic response function is given as
20log10GA ¼ Lp;R  Lp;A ð9Þ
The acoustic response function GA is given by the SPL difference
measured on the up- and downstream sides. Eq. (9) is presented in
Fig. 11. All figures show clear similarities regardless of the rotation
speed, the sound source (fans) and whether or not the radiator is
included in the installation. The basic principle behind the
formulation of GR is that it should describe the system’s acoustic
properties and thus be decoupled from the sound source. Upon
examination of the left figures, representing GR for an installation
excluding the radiator, the general shape of the curves conform,
fluctuating around zero decibel. The same holds for the difference
between the right figures. Adopting the same methodology for a
different microphone position gives a totally different transfer
function in accordance with the theory. This was also verified by
Mongeau et al. [17]. Although the magnitudes of GA cannot be
determined explicitly owing to the assumption of negligible prop-
agation effect in the reverberation room, the trends correlate with
the formulation of the spectral decomposition method. For
comparison studies where interest is on the SPL difference caused
by an upstream radiator, this is, however, insignificant. Fig. 12
presents how the source strength FR and the acoustic response
function GA are affected by the radiator. Shown to the left in
Fig. 12(a) is the changed source strengths for both fans. Indepen-
dently of fan, the presence of an upstream radiator significantly
reduces the SPL at BPF. Although a difference in flow coefficient
can be expected (both between the different fans but also caused
by the radiator), the resemblance of the general spectral shape
for both fans and the conformity of Fig. 12(a) elucidate the fact that0.5 1 2 3 4 5 10
−125
−120
−115
−110
−105
−100
−95
−90
−85
St
20
 lo
g 1
0 
F
wnstream of the cooling module for; ( ) 1000 rpm, ( ) 1100 rpm, (–) 1250 rpm and
20
 lo
g 1
0 
G
B
us
−30
−25
−20
−15
−10
20
 lo
g 1
0 
G
Tr
uc
k
0.5 0.8 1 2 3 4 5 8 10
−30
−25
−20
−15
−10
20
 lo
g 1
0 
G
B
us
−30
−25
−20
−15
−10
20
 lo
g 1
0 
G
Tr
uc
k
0.5 0.8 1 2 3 4 5 8 10
−30
−25
−20
−15
−10
HeHe
20
 lo
g 1
0 
G
B
us
Fig. 11. The acoustic transfer function GA for both fans at microphone 5. ( ) 1000 rpm, ( ) 1100 rpm, ( ) 1250 rpm and ( ) 1340 rpm. He equal to 1 corresponds to a
frequency of 453 Hz.
Fig. 12. Installation effects caused by radiator for both fans; (–) truck fan, ( ) bus fan.
A. Rynell et al. / Applied Acoustics 111 (2016) 67–76 75the changed flow field impinging the impeller consequently mod-
ifies the source strength. The SPL reduction at higher harmonics
and the flattening of the associated spectral bumps are believed
to be caused by the breakdown of large scale flow coherence in
the tip region. An upstream radiator acts as a screen suppressing
the large scale turbulent eddies, a generating mechanism analo-
gous to the one reported by Hanson [3]. Consequently, in the tip
region where most noise is generated (high tip speed and strong
interaction with the non-rotating duct wall), correlated flow struc-
tures are decimated, which minimizes the noise emanating from
that region. This is further seen in Fig. 10 where the source
strength function is presented as a function of a clean fan together
with a radiator placed in front of the impeller. Back to Fig. 12(a), it
is seen that the broadband level is reduced by 1 dB and is nearly
constant for St above 3. Fig. 12(b) highlights the changed acoustic
properties of the system through the function GA. At small He, the
SPL difference between the setup comprising the radiator and the
setup without the radiator is at most 2 dB. Despite large variation,
a result of presenting GA in narrow-band, the general trend and
magnitude previously presented in Fig. 9 are captured. At lower
frequencies, it fluctuates around 1 dB and linearly increases, reach-
ing a mean of 3 dB at 4500 Hz.
6. Conclusion
Experiments have been conducted to study aerodynamic- and
acoustic installation effects that originate from operating a fantogether with an upstream radiator and shroud. A unique setup
enables detailed analysis of the up- and downstream sound fields
separately as seen in Fig. 3. SPL data has been presented and
analyzed for varying rotational speeds with an automotive radiator
included and excluded in the setup. As a result, for the radiator
setup it was found that the SPL measured upstream was signifi-
cantly lowered (Fig. 8). To investigate the extent to which this
acoustic attenuation was caused by a modified air flow and not
the sound transmission through the radiator itself, acoustic charac-
terization of the radiator alone was investigated. Transmission loss
measurement provided a stable acoustic reduction at higher
frequencies (Fig. 9(a)) that was in accordance with the repressive
nature found from comparing the fan cooling module SPL data
without and with the radiator placed upstream. However, due to
the limited size of the radiator, a new method was developed that
not only suppresses the discrepancies in the low frequency range
but also accounts for near-field effects together with dipole sound
radiation typical of a sound field emanating from a fan. The new
method was found to provide a consistent damping magnitude at
lower frequencies; see Fig. 9(b). Hence, a description of the radia-
tor’s intrinsic acoustic properties was given. In order to fully
explain the large SPL attenuation at BPF found from inspecting
the effect of an upstream radiator, an engineering approach to
the method of spectral decomposition was included. This enables
a separation of the source and system properties. This was feasible
due to the uncoupling of up- and downstream sound fields caused
by the unique setup used with the fan mounted between an
76 A. Rynell et al. / Applied Acoustics 111 (2016) 67–76anechoic and a reverberation room (Fig. 3). Based on the propor-
tionality between the SPL measured in the reverberation room
and the acoustic power of the source, it was concluded that the
large SPL reduction found was caused by a modified source
strength. The difference in system response was in accordance
with the separated analysis of the radiator and was negligible at
the frequencies corresponding to the BPF.Acknowledgements
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